Monocular enucleation early in life and the resultant lack of binocular visual input during visual development results in functional and structural brain changes in adulthood, including alterations in white matter microstructure. However, the time courses of these neurodevelopmental changes are unknown. Here, we investigated whether structural brain changes were present at 8 to 12 years of age in a group of children with a history of monocular enucleation prior to 3 years of age (the ME group) relative to control participants with normal binocular vision (the BC group). Structural connectivity was measured using diffusion tensor imaging (DTI). Relative to the BC group, the ME group exhibited significantly increased radial and mean diffusivity in the optic radiation contralateral to the enucleated eye, the bidirectional interhemispheric V1 to V1 tracts and the V1 to MT tract ipsilateral to the enucleated eye. These changes indicate abnormal myelinization and reduced axonal density in subcortical and cortical visual pathway white matter structures following unilateral enucleation and loss of binocular vision. Our findings are broadly consistent with those recently reported for older uniocular individuals suggesting that these effects are present in childhood and persist into adulthood.
Introduction
Binocular vision plays an important role in guiding visual cortex development. In juvenile, nonhuman animals, experimental manipulations of binocular vision involving monocular eye-lid suture, induction of anisometropia (unequal refractive error between the two eyes) or strabismus (eye misalignment), cause widespread neuroplastic changes within the primary and extrastriate visual cortex (Mitchell & Sengpiel, 2018) . Humans may also experience binocular vision disruption during infancy due to naturally occurring anisometropia, strabismus, or cataract. These pediatric eye conditions often result in amblyopia, a neurodevelopmental disorder of vision associated with monocular and binocular visual dysfunction (Holmes & Clarke, 2006 , Maurer & Mc, 2018 . In agreement with the non-human animal literature, a range of neuroanatomical changes have been reported within the visual pathway of humans with amblyopia. These include disrupted white matter structure (Allen, Schmitt, Kushner & Rokers, 2018 , Allen, Spiegel, Thompson, Pestilli & Rokers, 2015 , Duan, Norcia, Yeatman & Mezer, 2015 , Li, Jiang, Guo, Li, Cai & Yin, 2013 , Qi, Mu, Cui, Li, Shi, Liu, Xu, Zhang, Yang & Yin, 2016 , Zhai, Chen, Liu, Zhao, Zhang, Luo & Gao, 2013 , reduced subcortical and cortical grey matter density (Mendola, Conner, Roy, Chan, Schwartz, Odom & Kwong, 2005 , and alterations in effective (Li, Mullen, Thompson & Hess, 2011) and resting state connectivity (Ding, Liu, Yan, Lin & Jiang, 2013 , Liang, Xie, Yang, Yin, Wang, Yu, He & Wang, 2017 , Mendola, Lam, Rosenstein, Lewis & Shmuel, 2018 , Wang, Li, Guo, Peng, Li, Qin & Yu, 2014 . However, it is unclear whether these changes are due to lost binocular visual input per se or because of mismatched, competing inputs from the two eyes during visual development.
Individuals who have experienced early-life monocular enucleation, typically as a treatment for retinoblastoma, represent an alternative way to study the impact of binocular vision loss on visual system development (Steeves, Gonzalez & Steinbach, 2008) . Because the input from one eye has been lost entirely, any changes in visual function or neuroanatomy must be due to a loss of visual function per se. There is a substantial literature on the effects of early-life monocular enucleation on visual function (Kelly, Moro & Steeves, 2012 , Steeves et al., 2008 . Uniocular individuals have largely normal monocular vision and those enucleated early (before 4 years of age) showed improved contrast sensitivity compared to binocular or uniocular viewing by typical binocular controls (Nicholas, Heywood & Cowey, 1996) . However, aspects of motion and face perception that rely on higher-level, binocular regions of the extrastriate visual cortex, are impaired (Gonzalez, Lillakas, Greenwald, Gallie & Steinbach, 2014 , Kelly, Gallie & Steeves, 2012 , Kelly, Zohar, Gallie & Steeves, 2013 , Steeves, Gonzalez, Gallie & Steinbach, 2002 . Interestingly, changes in multimodal sensory processing involving improved auditory direction discrimination and a relative shift away from vision in auditory/visual integration tasks have also recently been reported in adults with a history of early-life monocular enucleation (Hoover, Harris & Steeves, 2012 , Moro & Steeves, 2013 . These results suggest multimodal compensation for early uniocular vision loss.
Recently, a number of studies have investigated brain structure and function in adults with a history of early-life monocular enucleation using magnetic resonance imaging. These studies have revealed the following pattern of brain structure alterations: reduced optic tract and LGN volumes contralateral to the enucleated eye (Kelly, McKetton, Schneider, Gallie & Steeves, 2014) , larger surface area and a more complex sulcal structure in V1 ipsilateral to the enucleated eye along with larger auditory and multisensory areas in both hemispheres (Kelly, DeSimone, Gallie & Steeves, 2015) , an asymmetry in the medial geniculate body (MGB; involved in auditory processing) whereby the left MGB is larger than the right MGB (Moro, Kelly, McKetton, Gallie & Steeves, 2015) , and, reduced functional activation of extrastriate areas involved in face perception . Therefore, a complete loss of binocular vision early in life appears to have effects on the structure and function of brain areas involved in vision, audition and multisensory integration. This is consistent with the widespread effects of early-life monocular enucleation on brain development in non-human animal models (Nys, Scheyltjens & Arckens, 2015) .
Diffusion tensor imaging has also been used to examine white matter structure in adults with a history of uniocular enucleation. DTI uses MRI pulse sequences that exploit the diffusion of water molecules along relatively unconstrained spatial gradients to map structural connections in the brain (Jellison, Field, Medow, Lazar, Salamat & Alexander, 2004) . Principally, it can resolve white matter tractography to give a 'circuit diagram' of the central nervous system. Briefly, water will diffuse more easily along an axon than in radial directions -this motion can be modelled as a tensor that describes the 3-dimensional movement of the molecules. Properties of diffusion characteristics can be extracted from tensor models to provide information regarding the underlying white matter microstructure within the brain (Alexander, Hurley, Samsonov, Adluru, Hosseinbor, Mossahebi, Tromp do, Zakszewski & Field, 2011) . Common parameters include: axial diffusivity (AD) which is related to the vector length of the tensor, or the amount of diffusion in the primary direction -this increases with maturation and decreases with axonal injury; radial diffusivity (RD), a measure of diffusion orthogonal to the primary direction, which decreases with maturation and increases with demyelination or white matter injury; mean diffusivity (MD), the total diffusion of water content in a voxel, which decreases with maturation; and fractional anisotropy (FA), a measure of the diffusion constraint in a voxel. FA increases with maturation and is proportional to axonal density and diameter.
DTI measures in adults with a history of early-life monocular enucleation have revealed a range of white matter alterations in the visual cortex, some of which are evident only as changes in the lateralization of white matter parameters relative to those of binocular controls (Wong, Rafique, Kelly, Moro, Gallie & Steeves, 2018) . Specifically, uniocular adults exhibited higher FA values in the optic radiations ipsilateral to the enucleated eye, whereas controls had higher FA contralateral to the non-dominant eye (the non-dominant eye was referenced to the enucleated eye in patients). Similarly, in the V1 to LGN projections, uniocular adults had higher RD in the tracts contralateral to the enucleated eye, whereas controls had higher RD ipsilateral to the non-dominant eye. There was also one statistically significant between-group difference; uniocular adults had lower FA than controls within their interhemispheric V1 to V1 projections.
The vast majority of brain imaging work in uniocular participants has been conducted with adults. One previous study measured visual cortex white matter structure in children with retinoblastoma, some of whom had a history of monocular enucleation (Barb, Rodriguez-Galindo, Wilson, Phillips, Zou, Scoggins, Li, Qaddoumi, Helton, Bikhazi, Haik & Ogg, 2011) . The age-related development of white matter appeared to follow a normal trajectory in children with retinoblastoma, however the study was not designed to enable a detailed analysis of white matter microstructure changes following monocular enucleation.
Building on this prior work, the aim of this study was to assess whether changes in visual pathway white matter structure associated with early-life monocular enucleation are evident in late childhood when a range of higher-level visual functions are still developing. We used DTI to assess both feedforward and feedback fibers within the optic radiations connecting the lateral geniculate nucleus and V1, the interhemispheric V1 to V1 tracts and the withinhemisphere V1 to MT tracts. The latter tracts were of interest because of previously reported motion perception abnormalities in uniocular adults (Gonzalez et al., 2014 , Kelly et al., 2013 , Steeves et al., 2002 .
Methods

Materials and Methods
Participants
Six children with a history of monocular enucleation for the treatment of retinoblastoma (the ME group, age range 8-13 years) and six age-matched binocular controls (the BC group, age range 9-12 years) participated. All participants had normal or corrected-to-normal visual acuity. After receiving a complete description of the study, all participants gave informed written consent. Imaging was performed at the Hospital for Sick Children, after approval from the institutional Research Ethics Board. For both groups, exclusion criteria included: a history of any neurological disorder; presence of intra-corporeal metal and/or medical devices contraindicated for MRI recording.
Procedures
Imaging protocol
All imaging was performed using a Siemens 3.0T MAGNETOM PrismaFIT scanner and 20 channel head and neck coil. T1-weighted images were collected using a 3D magnetization prepared rapid gradient echo (MPRAGE) pulse sequence (TR/TE: 2300/2.98ms; FA: 9°; FOV: 192 x 240 x 256 mm; resolution: 1.0 mm 3 isotropic; scan time: 5 min). Multi-shell diffusion images were collected using an echo planar imaging (EPI) diffusion pulse sequence TR/TE: 3800/73 ms; FA: 90°; FOV: 244 x 244 x 140 mm; 2.0 mm isotropic voxels; b = 1000/1600/2600 s/mm2 (30/40/60 directions); 15 interleaved b = 0 s/mm2 volumes; scan time: 10.25 min).
Data preprocessing DTI
The T1-w anatomical images were skull-stripped using the Freesurfer image analysis suite, which is documented and freely available for download (http://surfer.nmr.mgh.harvard.edu/). FSL tools (Jenkinson, Bannister, Brady & Smith, 2002) and custom scripts were used to correct for eddy current distortions and head motion. The mean for each b-value (0, 1000, 1600, 2600) was calculated, and transformations between each mean b-value image and the mean b = 0 image were obtained using FSL's FLIRT (Jenkinson et al., 2002) . Each individual volume was first registered to the mean of its b-value using FSL's FLIRT (Jenkinson et al., 2002) , and then to the mean b = 0 image using the transformations, while adjusting the corresponding b-vectors. A transformation between MNI space and diffusion space was obtained via FSL's FNIRT by registering the MNI template to the mean b = 0 image. FSL's FDT was used to fit the diffusion tensors, obtaining fraction anisotropy (FA), radial diffusivity (RD), axial diffusivity (AD), and mean diffusivity (MD) images. FA, RD, AD, and MD images were flipped as necessary so that the remaining eye was on the right in the uniocular group.
TBSS analysis
Voxelwise statistical analysis of the FA, RD, AD, and MD images was performed using tractbased spatial statistics, TBSS (Smith, Johansen-Berg, Jenkinson, Rueckert, Nichols, Miller, Robson, Jones, Klein, Bartsch & Behrens, 2007) . A study-specific FA template was generated following nonlinear co-registration. The template was skeletonized, thresholded at 0.2, and projected onto each subject's FA, RD, AD, and MD images.
Probabilistic tractography FSL's BEDPOSTX (Jbabdi, Sotiropoulos, Savio, Grana & Behrens, 2012 ) was used to estimate the diffusion parameters using the multi-shell model. Probabilistic tractography using FSL's PROBTRACKX (Behrens, Berg, Jbabdi, Rushworth & Woolrich, 2007 , Behrens, Woolrich, Jenkinson, Johansen-Berg, Nunes, Clare, Matthews, Brady & Smith, 2003 was employed to reconstruct the feedforward LGN to V1 projection (LGN source -> V1 termination), projection of V1 source -> LGN termination, interhemispheric V1 projections, and V1 source -> MT+ termination in each hemisphere. Bilateral masks of the primary visual cortex (V1), middle temporal visual area (MT+), lateral geniculate body (LGN), and cerebral white matter (WM) were extracted from the Juelich Histological atlas (Eickhoff, Heim, Zilles & Amunts, 2006 , Eickhoff, Paus, Caspers, Grosbras, Evans, Zilles & Amunts, 2007 , Eickhoff, Stephan, Mohlberg, Grefkes, Fink, Amunts & Zilles, 2005 , 2005) in MNI space, and each subject's MNI to diffusion non-linear transformations were inputted. Default settings were used, with the addition of distance correction and modified Euler streamlining to improve accuracy. Termination masks were also selected as waypoint masks, and where applicable, WM was used as an exclusion mask. The resulting eight tracts (four per hemisphere) were masked by the TBSS skeleton, and FSL tools (Jenkinson, Beckmann, Behrens, Woolrich & Smith, 2012) were used to extract the average FA, RD, AD, and MD values.
Statistical analysis
For TBSS, group differences between the binocular (BC) and monocular enucleation (ME) subjects were analysed using FSL's randomise function (Winkler, Ridgway, Webster, Smith & Nichols, 2014) , using 5000 permutations and threshold-free cluster enhancement. TBSS's symmetry tool was also used to test group differences in hemispheric asymmetries in diffusion characteristics.
Between group differences in FA, RD, AD, and MD for tracts ipsilateral and contralateral to the enucleated eye were tested using the non-parametric Mann-Whitney U test. Additionally, differences between tracts contralateral vs. ipsilateral to the enucleated eye were tested for the ME group using Wilcoxen signed ranks tests. We did not perform within group comparisons for the BC group because eye dominance may influence the direction of interhemispheric differences in white matter structure (Wong et al., 2018) and eye dominance data were not collected. The False Discovery Rate (FDR) correction was applied to p values within each DTI metric across tracts to control for multiple comparisons, and significance was held at q < 0.05 (corrected p).
Results
Patient characteristics
Patients had a mean age of enucleation of 21 months (1.8 years) and an average age of 9.8 years at the time of scanning ( Table 1) . The binocular control group had a mean age of 11 years (9-14 years). 
Anatomy of the pathways
We identified the four pathways of interest, LGN-V1 and V1-LGN (the optic radiations), V1-V1 and V1-MT+, in all participants using probabilistic tractography. 
Between group differences
There were no significant differences between groups for TBSS measures of FA, RD, AD or MD. Three significant between group differences were observed when individual tracts identified using probabilistic tractography were analyzed (Figure 2) . The ME group exhibited significantly increased RD and MD relative to the BC group in the V1-LGN projections contralateral to the enucleated eye (RD: U = 2.5 ,p = 0.009; MD: U = 2 ,p = 0.009), the interhemispheric V1 to V1 projections (both contralateral to ipsilateral and ipsilateral to contralateral; RD: U = 3 ,p = 0.015; MD: U = 3 ,p = 0.015) and the intrahemispheric V1 to V5 projections ipsilateral to the enucleated eye (RD: U = 1.5 ,p = 0.004; MD: U = 1.5 ,p = 0.004). Increased RD for the V1 to V5 projection contralateral to the enucleated eye was also observed, but this difference did not survive FDR correction. Significant between group differences in RD and MD were accompanied by an appropriate trend for reduced FA in the ME group (Figure 2) , however, these differences did not survive FDR correction.
Within group differences
No significant differences between tracts contralateral vs. ipsilateral to the remaining eye were observed for the ME group. 
Discussion
In agreement with recent work in adults (Wong et al., 2018) , we observed subtle, localized, differences in white matter structure between our ME and BC groups. These differences highlight specific regions of the visual pathway that require binocular input for normal development. All of the statistically significant effects that we observed involved increased RD and MD in the children with early enucleation relative to the typically developing children. Increased RD occurs in the presence of reduced or abnormal myelinization that can impair neural conductivity , Song, Sun, Ramsbottom, Chang, Russell & Cross, 2002 , Wu, Field, Duncan, Samsonov, Kondo, Tudorascu & Alexander, 2011 . Myelinization is directly influenced by neural activity within white matter tracts (Mount & Monje, 2017) . Therefore, tracts in the ME group that had increased RD relative to controls may be particularly sensitive to the significant reduction in neural drive that occurs when one eye is removed. Increased MD is associated with reduced axonal density , suggesting that both myelinization and tract morphology are affected by uniocular vision and loss of input to the binocular system.
We observed RD and MD increases for both subcortical and cortical tracts. The subcortical changes occurred for feedback projections from V1 to the LGN ipsilateral to the remaining eye in the ME group. Feedforward LGN to V1 projections exhibited a similar trend that did not reach statistical significance. The optic radiations (the white matter tracts that connect the LGN and V1) contralateral to the enucleated eye have the largest reduction in innervation following monocular enucleation because there is a proportionally greater amount of crossed relative to uncrossed ganglion cell axons in each eye (see Kelly et al., 2014 for a discussion). Crossed ganglion cell axons project to the contralateral hemisphere. Furthermore, adults with a history of early life monocular enucleation exhibit a large asymmetry in LGN volume whereby the LGN contralateral to the enucleated eye is smaller (Kelly et al., 2014) . Postnatal changes in neural connectivity within the LGN and/or feedback from V1 to the LGN may explain this effect (Kelly et al., 2014) . Our observations are in agreement with these previous findings, indicating that subcortical changes associated with early monocular enucleation are present in childhood.
Regarding cortical tracts, the ME group exhibited significantly increased RD and MD in bidirectional interhemispheric V1 to V1 fibers compared to the BC group. This is consistent with Wong et al. who reported significantly reduced FA in bidirectional V1 to V1 fibers in their adult uniocular group. Reduced FA is consistent with increased RD and MD, although FA is a more general measure of white matter microstructure . Intracortical connectivity within the normal visual pathway facilitates binocular vision, enables integrated processing across the left and right visual hemifields (Peiker, Wunderle, Eriksson, Schmidt & Schmidt, 2013 , Restani & Caleo, 2016 , Song & Rees, 2018 and facilitates interhemispheric synchronization that supports sparse encoding of visual information (Knyazeva, 2013) . Therefore down-regulation of interhemispheric tracts could affect a variety of visual functions including those known to be disrupted by early life enucleation such as face perception and motion integration. Our results are consistent with a large literature involving non-human animals demonstrating that a range of manipulations including early monocular enucleation or eyelid suture alter the development of intracortical primary visual cortex connections (Nys et al., 2015 , Restani & Caleo, 2016 .
Increased RD and MD was also evident within the V1 to V5 tract ipsilateral to the enucleated eye with a similar, but not statistically significant trend evident in the contralateral tract. V5 is primarily binocular and therefore may be particularly susceptible to a loss of binocular vision early in life (Born & Bradley, 2005 , El-Shamayleh, Kiorpes, Kohn & Movshon, 2010 , Ho, Giaschi, Boden, Dougherty, Cline & Lyons, 2005 , Thompson, Villeneuve, Casanova & Hess, 2012 and the resulting downregulation of neural input. In addition, V1 to V5 connections are essential for the processing of integrated, global motion (Ajina, Kennard, Rees & Bridge, 2015) . Therefore, alterations in these tracts may underpin the motion perception deficits that have been identified in adults with a history of early monocular enucleation. No previous studies have investigated V1 to V5 projections in cases of early monocular enucleation.
Unlike Wong et al. (2015) , we did not observe any significant asymmetries within the ME group for ipsilateral vs. contralateral to the remaining eye in any DTI parameters. This cannot be explained by differences between the two studies in the age at which enucleation was performed (mean of 1.7 years for this study and 2 years for Wong et al.) . It is conceivable that these asymmetries develop with increasing age to compensate for asymmetrical input to the two hemispheres from the remaining eye.
Overall, our results in children with a history of early monocular enucleation are broadly consistent with those of Wong et al. (2015) in adults; subcortical white matter microstructure is abnormal contralateral to the enucleated eye and intracortical V1 to V1 projections are compromised. Our results demonstrate that these changes are present in childhood and, based on Wong et al's (2015) data, persist into adulthood. Although white matter changes within the visual pathway are not widespread following early unilateral enucleation, these localized changes highlight the importance of normal binocular vision for normal visual pathway development.
